All data are available from <https://osf.io/nj2sw/>.

Introduction {#sec001}
============

In studies on the functional neuroanatomy of language production transcranial direct current stimulation (tDCS) is routinely administered over the left inferior frontal gyrus (IFG) or posterior superior temporal gyrus (pSTG) in healthy volunteers. Results of these non-invasive brain stimulation studies have been subject to a significant degree of variability. For example, a number of studies reported a beneficial effect of anodal tDCS as evidenced by higher verbal fluency scores or shorter response times in picture naming tasks \[[@pone.0202730.ref001]--[@pone.0202730.ref006]\], while others did not find such an improvement \[[@pone.0202730.ref007]--[@pone.0202730.ref011]\]. Furthermore, meta-analyses on the ability of tDCS to modulate language performance in healthy volunteers have reported small or no effects \[[@pone.0202730.ref012]--[@pone.0202730.ref015]\]. Thus, even though tDCS may be effective in establishing effects on language processes, the heterogeneous results illustrate the difficulties associated with tDCS in anticipating both the direction and the magnitude of its behavioural effects \[[@pone.0202730.ref016],[@pone.0202730.ref017]\].

Issues concerning the spatial resolution of the induced electrical field are considered to be among the most important contributors to the diversity of tDCS-related effects. The vast majority of studies routinely placed one electrode over either the IFG or pSTG and the return electrode over the right supraorbital region (rSO, e.g. \[[@pone.0202730.ref001],[@pone.0202730.ref008],[@pone.0202730.ref011],[@pone.0202730.ref018]--[@pone.0202730.ref020]\]). Even though these montages have demonstrated the potential to be effective in manipulating processes underlying language production, computational simulation studies indicate that the intracranial electrical field distribution of tDCS is diffuse and the peak field strength amplitude is not located directly underneath the electrode \[[@pone.0202730.ref021]\]. For instance, it has been shown that the maximum field strength between two electrodes is obtained if the target electrode is approximately placed between 20 and 40 mm away from the target region \[[@pone.0202730.ref021],[@pone.0202730.ref022]\]. By this logic, placing the active electrode directly over the target site may induce a maximum field strength in regions adjacent to the targeted area. As a result, attributing changes in language production that are assumed to be caused by manipulating the regions of interest directly under the electrode can become more difficult. In spite of the well documented fact that electrode montage is an important aspect of tDCS experiments \[[@pone.0202730.ref022]--[@pone.0202730.ref024]\], the extent to which suboptimal electrode montages may at least partially account for the heterogeneity of results in language production studies has not been examined yet. The goal of the present study was to (1) provide an estimate of the electrical field distributions of the two most commonly used electrode montages targeting the IFG and pSTG in language production tDCS studies, and (2) to present alternative ways to optimize the use of tDCS in language production studies.

Material and methods {#sec002}
====================

Participants {#sec003}
------------

We used the T1-weighted resting-state structural magnetic resonance images from four participants provided in the publicly available dataset of the Sleepy Brain project \[[@pone.0202730.ref025]\]. We selected a male and female student from a young sample (between 20 and 30 years; participants 9001 and 9018 in the original dataset) and a male and female participant from an old sample (between 65 and 75 years; participants 9002 and 9004) to cover potential variability caused by age and sex differences.

Procedure {#sec004}
---------

All computations were run with the SimNIBS software (version 2.0 \[[@pone.0202730.ref026]\]). We first created individual tetrahedral head models using the mri2mesh algorithm implemented in the SimNIBS pipeline (see \[[@pone.0202730.ref027]\] for a more specific description of the procedure). Then we simulated the electrical field distribution of anodal 1.5 mA tDCS with 5 × 7 cm electrodes (current density: 0.043 mA/cm^2^) in four different scenarios on the four different brains. For all simulations, we chose an electrode-sponge setup, with a 1 mm thick electrode covered by a 2 mm thick sponge.

Computations {#sec005}
------------

First we tested whether the conventionally used montage of placing the active electrode over the target region and the reference electrode over the contralateral supraorbital region provides the desired focality across the left IFG and pSTG, respectively. To address the second aim of our study, we used the computational findings reported by Rampersad et al. \[[@pone.0202730.ref021]\] to adjust the electrode positions in the following ways (1) moving the centre of the active electrode approximately 3 cm anterior to the target region; (2) placing the reference electrode in closer proximity to the active electrode; (3) turning the electrode so that the short edges of both electrodes approximately face each other. Electrode size was kept constant in order to directly compare the influence of electrode placement on the focality of tDCS.

Results {#sec006}
=======

[Table 1](#pone.0202730.t001){ref-type="table"} reports the individual minimum and maximum electrical field strengths (in V/m) broken down by stimulation site (IFG vs. pSTG) and montage (conventional vs. alternative). Note, however, that these values refer to field strengths observed anywhere in the brain and do not speak to the question which electrical fields are elicited in the target regions. Nevertheless, it does illustrate both inter- and intraindividual variability in the magnitude of the generated electrical field, as has also been reported in a large sample by Laakso et al. \[[@pone.0202730.ref022]\].

10.1371/journal.pone.0202730.t001

###### Minimum and maximum electrical field strengths (in V/m) for all simulations.

![](pone.0202730.t001){#pone.0202730.t001g}

                     IFG     pSTG                                            
  ------------------ ------- ------- ------- ------- ------- ------- ------- -------
  **Young male**     0.011   0.673   0.010   0.787   0.018   0.809   0.011   0.569
  **Young female**   0.012   0.498   0.010   0.691   0.020   0.599   0.014   0.475
  **Old male**       0.010   0.998   0.014   0.703   0.021   1.109   0.016   0.517
  **Old female**     0.009   0.725   0.011   1.160   0.017   0.925   0.015   0.532

IFG montage {#sec007}
-----------

[Fig 1](#pone.0202730.g001){ref-type="fig"} displays the electrode montages and simulation results for the montages targeting the left IFG in the four brains. Results indicate that the conventionally used montage (left panel of [Fig 1](#pone.0202730.g001){ref-type="fig"}) is not optimal as peaks in field strength were found in bilateral middle and superior frontal regions. Furthermore, the field distributions spread with decreasing intensity to left central and anterior temporal regions. Thus, while the standard montage did affect the target region, substantially higher electrical fields were observed anterior to the region of interest, and in both hemispheres.

![Electrode montages and electrical field intensities for tDCS targeting the left inferior frontal gyrus for the four participants (from top to bottom: Young male, young female, old male, old female).\
The left part displays the simulation results for the conventional montage in which the anodal electrode is placed over the left IFG and the cathodal electrode is placed over the right supraorbital region. The right part displays the simulation results for the alternative montage in which the anodal electrode is placed posterior to the left IFG and the cathodal electrode is placed over the left supraorbital region. All electrical fields are scaled between 0 and 0.8 V/m, with brighter colours indicating higher electrical field strengths.](pone.0202730.g001){#pone.0202730.g001}

The alternative electrode montage (right panel of [Fig 1](#pone.0202730.g001){ref-type="fig"}) showed a notable shift of the electrical field. While the magnitude and spread of the induced electrical field differed between individuals, the simulations uniformly displayed a convergence to the target area. That is, the effect on the right hemisphere was reduced, and the peak intensities were located around the IFG and the central sulcus, with additional, decreased field intensities in middle frontal and anterior temporal regions.

pSTG montage {#sec008}
------------

[Fig 2](#pone.0202730.g002){ref-type="fig"} shows the results from simulations targeting the pSTG. The conventional montage (left part of [Fig 2](#pone.0202730.g002){ref-type="fig"}) resulted in a wide electrical field distribution in the left hemisphere. Field strength peaks were centred on the medial part of the postcentral gyrus (i.e., anterior to the target region). Additionally, the induced electrical field covered significant parts of the left hemisphere and anterior parts of the contralateral hemisphere, arguably due to the large distance between the electrodes. As for IFG stimulation, the alternative montage (right panel of [Fig 2](#pone.0202730.g002){ref-type="fig"}) shifted the field intensity peaks towards the target region, with the highest field strength found in a rather large region including the pSTG and the inferior parietal lobule. Right-hemispheric effects were eliminated entirely because for pSTG stimulation, the alternative montage exclusively placed the electrodes across the left hemisphere, thus preventing the generation of electric fields in the right hemisphere.

![Electrode montages and electrical field intensities for tDCS targeting the left posterior superior temporal gyrus for the four participants (from top to bottom: Young male, young female, old male, old female).\
The left part displays the simulation results for the conventional montage in which the anodal electrode is placed over the left pSTG and the cathodal electrode is placed over the right supraorbital region. The right part displays the simulation results for the alternative montage in which the anodal electrode is placed posterior to the left pSTG and the cathodal electrode is placed anterior to the left pSTG. All electrical fields are scaled between 0 and 0.8 V/m, with brighter colours indicating higher electrical field strengths.](pone.0202730.g002){#pone.0202730.g002}

Discussion {#sec009}
==========

Our simulation results showed that the electrical field distribution of tDCS montages most commonly used in language production studies can be improved. Placement of the active electrode over the target region and the reference electrode over the contralateral supraorbital region yields the highest field strengths anterior to the target region as well as additional frontal effects in the right hemisphere. These wide electrical field distributions may cause collateral activation of surrounding tissue and contribute to the heterogeneous findings reported in previous studies. While there is no immediate reason to assume that the target regions were not exposed to the exogenous electrical field at all in previous studies, conventionally applied montages may have been suboptimal in reaching the desired spatial resolution of the electrical field. Consequently, small effects of tDCS on language production may have been caused, at least in part, by affecting the target region to varying degrees.

Here, we provide an alternative montage that based on computer simulations produced more focal peaks in electrical field strength. Altering the montage by placing the electrodes anterior and posterior to the target region improved focality in all of our four brains. Using such a montage may thus target the desired region more directly and limit electrical field exposure of surrounding regions. As a result, future studies examining differences between real and sham tDCS conditions may find more reliable and unequivocal effects in language production tasks. The magnitude of the induced electrical field appears to be well in the range required to elicit cellular effects \[[@pone.0202730.ref028]\]. Nevertheless, it remains to be tested whether the improved montages are indeed effective in obtaining less unequivocal effects of tDCS in language production performance. Additionally, as can be seen from the simulations, the cortical area affected by the stimulation typically covers a large region between the electrodes. It remains to be tested whether additional modifications to the montages (e.g. by using smaller electrodes or a high-definition tDCS setup) further reduce induced field strengths in regions peripheral to the target region.

Aside from the basic neuroscientific questions on language production, tDCS is currently being explored as a possible therapeutic intervention to treat aphasia \[[@pone.0202730.ref029]--[@pone.0202730.ref031]\]. Based on our findings, it is reasonable to assume that aphasic patients treated with tDCS may benefit from adopting simulation-based electrode montages to maximize focal electrical field strengths (see also \[[@pone.0202730.ref032]\] for a simulation-based approach in a lesioned brain). However, in these clinical cases, the cortical factors causing the language disorder may play a crucial role in determining the efficacy of tDCS treatments. That is to say, patients with post-stroke aphasia, in which varyingly large areas of the left hemisphere are chronically lesioned, may respond differently to (optimised) tDCS montages than patients whose language deficit is the result of a neurogenerative disease (e.g. in primary progressive aphasia). As such, it is important to further investigate whether the efficacy of different tDCS montages can be extrapolated to different disorders, or whether some might indeed continue to require individual modelling to allow for the best possible outcome.

It should be noted that the simulations were performed on a small number of brains, which limits the generalisability of our results. Evidently, the efficacy of tDCS depends on many factors that include individual differences in gyral folding, thickness of the cerebrospinal fluid and skull bone, and physiological susceptibility to weak electrical currents \[[@pone.0202730.ref026],[@pone.0202730.ref033]\]. These sources of variability are also visible in the current simulations, in that neither the conventional nor the alternative montages cause a uniform current spread across individuals, but instead vary both in terms of the spatial resolution and the magnitude of the electrical field. Nevertheless, we have demonstrated that despite these individual differences in electrical field distributions, the alternative montages were consistently more successful in targeting the desired regions. Thus, irrespective of anatomical and cellular differences between participants, our simulations provide evidence that the standard montage is suboptimal and alternative montages may be able to at least approximate a more targeted application of tDCS. Finally, research labs and clinics that do not have direct access to neuroimaging facilities to individualize tDCS montages, simulations provide a pragmatic solution that outweighs the alternative of relying on conventionally used montages.

Importantly, optimizing the electric field distribution is not the only determinant of the effective modulation of cortical activity. For instance, Pisoni and colleagues \[[@pone.0202730.ref034]\] elegantly illustrated the neurophysiological effects of applying anodal tDCS over the left IFG while participants performed a verbal fluency task. In a combined TMS-EEG setup, they found that compared to sham tDCS, anodal tDCS resulted in a functionally specific increase of cortical excitability in BA 6 and BA 44/45. Moreover, this increase was positively correlated with the performance increase in the verbal fluency task, implying that participants in whom tDCS caused greater cortical excitability in BAs 6 and 44/45 also showed the largest performance improvement. Overall, these results suggest that effective (i.e. performance-enhancing) tDCS is not limited to spatial specificity, but also to physiological susceptibility of brain tissue. An interesting endeavour would be to investigate whether these results can be replicated and/or amplified with the alternative montage proposed in the current study, ultimately leading to a more detailed picture of which parameters to modulate to get the most robust neuromodulatory effects.

Furthermore, implicit expectations by the participants regarding the effect of the stimulation may add to previously reported variability. Using a reinforcement learning paradigm, it has recently been shown that the mere prospect of tDCS positively affecting behavioural performance indeed causes performance improvements, even if sham tDCS is applied \[[@pone.0202730.ref035]\]. This finding raises another important issue in tDCS research, namely that assumptions about the efficacy of the treatment---potentially even when conveyed unconsciously by the experimenter---can alter the behavioural outcome.

In conclusion, our results show that the type of montage may contribute to the robustness of findings, improve their interpretations, and advance the application of tDCS on language production performance in basic neuroscientific and clinical settings.
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